The deformation in the Asal Rift (Djibouti) is characterized by magmatic infl ation, diking, distributed extension, fi ssure opening, and normal faulting. An 8 yr time line of surface displacement maps covering the rift, constructed using radar interferometry data acquired by the Canadian satellite Radarsat between 1997 and 2005, reveals the aseismic behavior of faults and its relation with bursts of microseismicity. The observed ground movements show the asymmetric subsidence of the inner fl oor of the rift with respect to the bordering shoulders accommodated by slip on three of the main active faults. Fault slip occurs both as steady creep and during sudden slip events accompanied by an increase in the seismicity rate around the slipping fault and the Fieale volcanic center. Slip distribution along fault strike shows triangular sections, a pattern not explained by simple elastic dislocation theory. These observations suggest that the Asal Rift faults are in a critical failure state and respond instantly to small pressure changes in fl uid-fi lled fractures connected to the faults, reducing the effective normal stress on their locked section at depth.
INTRODUCTION
A dense network of northwest-southeaststriking normal faults and fi ssures dissects the basaltic surface of Afar (Manighetti et al., 1998; Gupta and Scholz, 2000a) . Between the Ghoubbet Gulf and Asal Lake, the present-day deformation is concentrated in the 10-km-wide Asal Rift, bounded by fast-slipping normal faults (Stein et al., 1991; Manighetti et al., 1998) that accommodate most of the N45°E, 11-17 mm/yr diverging motion between Arabia and Somalia Vigny et al., 2006) . In November 1978, a seismo-volcanic crisis produced the Ardukoba fi ssure eruption, involving 2 m of horizontal extension between the rift shoulders, 0.7 m of subsidence of the inner fl oor, and as much as 1 m of slip on large faults (Abdallah et al., 1979) . The extension rate measured across the activated part of the rift remained high (60 ± 10 mm/yr) until 1987 , and then returned to a value of ~17 mm/yr (Cattin et al., 2004) , comparable to the long-term opening velocity (De Chabalier and Avouac, 1994) . Creep meters located across two faults showed elevated, postcrisis slip rates following an exponential decay Doubre, 2004) . The seismicity in the rift is characterized by earthquakes of magnitude <3, concentrated in crises of a few months in the Fieale caldera, the Disa Le Mallo (DLM) subrift, and along the northern bounding faults (Lépine and Hirn, 1992; Doubre, 2004) (Figs. 1A, 1B) .
In this paper we use 8 yr of synthetic aperture radar interferometry (InSAR) data to follow the evolution of the surface deformation in the Asal Rift. We investigate the temporal behavior of the faults in relation with episodes of increased seismicity and possible changes in crustal fl uid pressure.
INSAR MEASUREMENTS
InSAR provides spatially continuous maps of the surface displacement vector component along the radar line of sight. Over the Asal Rift, the line of sight of the Radarsat satellite on descending passes has an azimuth of ~N283° and an incidence angle of ~36° off nadir. The quasi-uninterrupted sequence of data acquisitions every 24 days since 1997 (Fig. 1C ) allowed us to construct a time line of the surface displacement of the Asal Rift using the small baseline subset approach (Berardino et al., 2002) . Because of the radar phase propagation delay in the troposphere (Zebker et al., 1997) , the phase evolution observed in the map series shows a 12 month oscillation pattern of large amplitude compared to the tectonic signal. We worked around this problem by making two kinds of observation. First, the linear trend of the ground movement is obtained by computing the mean line-of-sight velocity at each image pixel over the 8 yr observation period, smoothing out the effects of the seasonal phase oscillations (Fig. 1A) . Second, the slip history on a fault is obtained by observing the time evolution of the relative displacement between two nearby points on either side of its trace. In this procedure, most of the seasonal signal, which is spatially correlated, is cancelled.
MEAN SURFACE VELOCITY FIELD
The 8 yr average line-of-sight velocity map provides a spatially continuous view of the deformation fi eld over the Asal Rift, highlighting the active structures and zones of concentrated deformation (Figs. 1A and 2 ). Slip rates indicated here are line-of-sight components of fault slip vectors. The displacement fi eld bears a strong asymmetry across the rift with a maximum subsidence of the rift fl oor against fault γ and a large uplift of the northern shoulder. This relative movement is accommodated at the surface by ~2 mm/yr of slip along fault γ and distributed deformation across the DLM subrift, probably indicating faster slip (~7 mm/yr) on the deeper section of the fault (Figs. 1A and 2). Near long 42.5°E, slip is transferred from fault γ to fault α following a set of en echelon scarps (Fig. 1A) . The slip rate gradually decreases to the northwest along fault α, vanishing where the fault splits into two branches. The subsidence of the rift fl oor is accommodated to the southwest by north-dipping faults, including β (~1.5 mm/yr), A, and minor faults between A and α (Figs. 1A and 2C). The 8 yr average slip rates on β and γ are consistent with the Quaternary rates estimated from geological data on these two faults (Stein et al., 1991) .
South of the Fieale caldera, only fault E appears to be slipping at the surface. With a mean slip rate of ~2 mm/yr, this fault accommodates the uplift of the southern shoulder of the active rift. The major faults F and H, which form the southern border of the inner rift, do not show any evidence of movement in the past 8 yr (Fig. 2B) . The creeping faults and the subsidence of the rift fl oor observed in the data appear to be concentrated in the northeastern part of the rift, where most of the surface deformation was found after the 1978 crisis. This indicates that the current stress conditions are still dominated by the regime prevailing in 1978.
FAULT SLIP HISTORY AND SEISMICITY
Faults γ, β, and E show evidence of creep near the surface in the average velocity map (Fig. 1A) . For each fault we compare the slip evolution with the cumulative number of earthquakes and associated moment release occurring in the area of the creeping section (Fig. 3) .
The slip evolution on fault γ shows two rapid slip events, interrupting periods of slow and steady creep (Fig. 3A) . The fi rst event occurred in December 2000 with a movement of 6.5 ± 2.7 mm; the second occurred in March 2003 with a smaller slip increment of 3.5 ± 5.0 mm. Errors on slip rates are based on uncertainties on linear regressions in Figure 3 . Both events coincide in time with periods of increased seismic activity near the creeping fault. A swarm of shallow (<2 km) earthquakes associated with fi ssure opening occurred in the hanging wall of fault γ in December 2000 (Doubre, 2004) (Fig. 3G ). This sequence was followed by an increase in seismicity below the Fieale caldera for a period of six months. In March 2003, a similar sequence of shallow earthquakes occurred on the southwestern side of the DLM subrift.
Fault β is a smaller, northeast-dipping fault along the northeastern side of a narrow horst structure, facing fault γ (Fig. 1A) . The slip evolution on β shows that the fault was locked during the 8 yr period of observation, except for a slip event of 9.3 ± 2.6 mm in March 2003, coincident with the second event on γ (Fig. 3C ) and a swarm of microearthquakes located in the area of maximum slip on β (Fig. 3G) .
Fault E extends across a young lava fi eld and is associated with a topographic scarp of ~10 m (Figs. 1A and 2B). The evolution of slip on E shows a steady slip rate of 1.3 ± 0.1 mm/yr until a slip event of 3.5 ± 1.7 mm in April-May 2002. After this event, the fault slipped at a lower rate of 0.6 ± 0.2 mm/yr. As for faults γ and β, the event on E is associated with an increase in the seismic activity. However, the coincident earthquakes appear to be distributed over a broad area around the fault and below the Fieale caldera and not clustered in the fault hanging wall (Fig. 3G) . Figure 4 shows the time evolution of the slip distribution along the three previous faults. On fault γ, the main creeping section extends ~2.2 km to the southeast from the transfer zone with α (Fig. 4A ). Subfault γ1 also shows fast slip along its subaerial section before it enters the Ghoubbet Gulf. To the northwest, the movement transfers to fault α over a distance of ~2 km. The entire α-γ 2-γ 1 system seems to creep at a steady rate, while individual sections show independent periods of acceleration. An ~1-km-long section of γ 2 accelerated in December 2000 with a triangular slip distribution centered at km 2.5 on the profi le. The slip did not propagate into the α-γ transfer zone, but triggered delayed slip across the zone in the following year with a rather fl at slip distribution between km 0.6 and 2.1 (Fig. 4A) . The subaerial section of γ1 accelerated at the same time as γ 2. The March 2003 slip event on fault β shows a clear triangular distribution extending over an 800-m-long section. A small amount of slip occurred at the same time along the 0.2-0.6 km section of the fault (Fig. 4B) . The slip distribution on fault E exhibits a different overall shape from those on γ and β. The distribution shape is acquired during the 2002 event on the 0.4-3.2 km profi le section (Fig. 4C ). This main slip event was preceded by two smaller events, 3 yr and 2 yr earlier along the 0.2-0.6 km and 0.6-0.9 km sections of the profi le, respectively (Fig. 4C) . Before the 2002 event, only the part of the fault southeast of km 1.2 on the profi le seems to creep steadily. The slip distribution on E resembles the double tip restricted fi rst-order shape as defi ned by Manighetti et al. (2001 Manighetti et al. ( , 2004 . The slipping section on E goes between two vol canic cones along the fi ssure line of the Galaele Kôma lava fi eld, acting as mechanical Table DR1 1
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1 GSA Data Repository item 2007022, Table DR1 , pairs of Radarsat orbits used in this study, is available online at www.geosociety.org/pubs/ft2007.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA. barriers, preventing lateral propagation of the slipping zone (Manighetti et al., 2001) (Figs. 1A and 4C) . Assuming uniform slip down to a depth of 4 km (Ruegg, 1975) , the observed slip distributions imply geodetic moments in the range of 10 15 -10 16 Nm for the slip events on the three faults, while the total seismic moment released by earthquakes during these events is at least three orders of magnitude lower (Fig. 3) . This comparison confi rms the aseismic nature of the observed slip on the Asal faults.
DISCUSSION
A notable coincidence exists between the spatial and temporal distributions of microearthquakes in the Asal Rift and the location and occurrence of slip events on three of the main faults that were activated during the 1978 crisis. However, observations indicate that no causal relationship exists between the fault activation and the earthquakes. First, the hypocenters are not located on the fault planes: the 2002 events were distributed over a broad region around fault E and the 2000 and 2003 clusters occurred in the narrow graben between faults γ and β. Second, the 2000 swarm includes nondouble-couple mechanisms that are indicative of crack opening, a mechanism inconsistent with elastic relaxation in the hanging wall of a slipping, normal fault (Doubre, 2004) . No such analysis could be done for the 2003 cluster in the absence of a dense seismic network as used in the 2000 campaign (Doubre, 2004) . However, the proximity and similar depth of both clusters suggest that they are of same nature. We propose that both the occurrence of earthquake bursts and the accelerated slip on the faults are caused by fl uid-pressure changes in the crust. If the pressure of fl uids fi lling the dikes and the multitude of fi ssures that populate the base of the seismogenic crust increases, it is conceivable that some fl uids inject into the deep part of a fault, resulting in the decrease of the effective normal stress on the fault plane, hence inducing slip. This mechanism can be selective in the way it activates certain faults and not others, depending on the complexity of the connection between the opening fi ssures and the faults. Stress change induced by magma injection has been advocated to explain earthquake triggering in Iceland (Sigmundsson et al., 1997) . Fluid injection can also be advocated to explain non-double-couple earthquakes associated with tensile crack opening in the shallow part of the crust (Foulger and Long, 1984) , such as those observed in the 2000 seismic cluster (Doubre, 2004) . The spatial proximity between the 2000 and 2003 earthquake clusters and the location of maximum slip on faults γ and β during the associated slip events (Fig. 3D ) may suggest the presence of conduits for fl uid injection in this part of the rift.
The fl uid injection mechanism described here may also explain the triangular shape of the slip distribution observed on faults γ and β (Figs.  4A, 4B ). Simple elastic theory predicts an elliptical distribution of slip on a fault with uniform friction and responding to a uniform stress fi eld (Pollard and Segall, 1987; Scholz, 2002) . However, the distribution of slip observed on subsections of faults γ and β appears to be remarkably triangular (Fig. 4B) . While triangular shapes of scarp heights, representing the cumulative slip on faults (Manighetti et al., 2001; Scholz, 2002) , have been successfully explained by off-fault, anelastic deformation and damage around the fault tips (Gupta and Scholz, 2000b; Manighetti et al., 2004) , the slip distribution in a small event is more likely controlled by friction on the fault surface (Bürgmann et al., 1994) . Scarp height profi les and short-term slip profi les observed on faults γ and β do not have a common shape (Figs. 4A, 4B ), suggesting different controlling processes. The injection of fl uid on a fault can reduce its effective friction, allowing more slip around the injection point, hence modifying the otherwise elliptical slip distribution into a triangular distribution.
We conclude that pressure changes in fl uidfi lled cracks in the crust provide a plausible mechanism to explain both the selective triggered slip on faults during periods of increased seismic activity and triangular slip distributions. The shallow crust tensional stress regime in the rift is controlled by both the steady plate motion and pressure in the magmatic system at depth. The overall infl ation of the zone surrounding the Asal Rift (Ballu et al., 2003; and the extension rate across the rift exceeding the far-fi eld plate velocity indicate that the magmatic system under the rift is currently overpressurized, and therefore prone to force fl uids into the array of fractures at intermediate and shallow depths, triggering earthquakes and controlling fault slip. 
